Abstract: Riparian vegetation plays a vital role in inhibiting soil and water loss, but few studies have quantified the relationships between vegetation spatial pattern and the hydraulic characteristics of upslope runoff. This study investigated how hydraulic characteristics (e.g., runoff coefficient, flow regime, flow resistance, and flow shear stress of overland flow) responded to differences in vegetation cover (15% and 30%), slope gradient (5 • , 10 • , 15 • , and 20 • ), and vegetation pattern in the riparian zone along the lower Yellow River, China, based on landscape pattern analysis and a runoff scouring experiment with flow rates of 9 and 15 L/min and an experimental plot size of 1 m × 3 m. We found that runoff generation on shallow slopes was moderated by increasing vegetation cover, but that this moderating effect decreased on steeper slopes. The regime of overland flow switched from laminar and subcritical on the 5 • slope (Fr = 0.56-0.87) to laminar and critical on the 10 • , 15 • , and 20 • slopes (Fr = 1.02-2.18). Flow resistance increased with vegetation cover and flow rate and decreased with slope gradients, and it was larger on shallow slopes with high vegetation cover. Flow shear stress had a range of 1.42-3.55 N m −2 , and it increased with increasing slope gradient, vegetation cover, and flow rate. The hydraulic characteristics of upslope runoff, especially flow resistance, were significantly related to vegetation pattern at both the landscape and class levels. Flow resistance was negatively related to patch density, and positively related to perimeter-area fractal dimension and connectance index. The influencing mechanism of landscape patterns on soil erosion processes is dependent on the landscape scale, since the relationships between flow resistance and some landscape pattern indices (aggregation index, effective mesh size, and splitting index) were opposite at the landscape level compared to the class level. We conclude that fragmented vegetation distributions reduce flow resistance, and that riparian vegetation could be managed to inhibit slope erosion by increasing flow resistance.
Introduction
Soil erosion is a global environmental problem that can cause land degradation, decrease productivity, cause ecological deterioration, and may be a threat to the sustainable development of human society [1] . Therefore, understanding the processes and driving mechanisms of soil erosion is extremely important [2, 3] . The hydrodynamic mechanism of slope erosion is one area of current investigation [4, 5] . Slope erosion depends on the hydraulic characteristics of slope water flow and agricultural practices [28, 29] . For example, the lower region of the Yellow River is one of China's major grain-producing areas. Here, population growth and the expansion of agricultural practices have resulted in the cultivation of most of the riparian vegetation, negatively impacting the maintenance and sustainability of the ecosystem services [30] . In particular, the soil and water conservation and non-point source pollution control functions of riparian vegetation have gradually degenerated or even disappeared. Although many studies have been conducted to analyze the structural and functional characteristics, as well as the ecological restoration and management, of the degenerated riparian zone of the Yellow River [30, 31] , we lack an understanding of how the unique features of riparian vegetation structure influence the complex mechanisms of soil and water conservation.
Therefore, based on a runoff scouring experiment and landscape pattern analysis, this study aimed to analyze:
(1) the runoff coefficient under different slope gradients and vegetation cover, (2) regime, resistance, and shear stress of slope overland flow under different slope gradients and vegetation cover, and (3) the relationship between hydraulic parameters of overland flow and riparian vegetation patterns, in the lower reaches of the Yellow River.
The results of this study can provide a basis for understanding the relationship between landscape pattern and water and soil loss at larger scales, and provide some theoretical guidance for the restoration of degraded riparian ecosystems and the sustainable development of riparian ecosystem services.
Materials and Methods

Study Site
The runoff scouring experiments were conducted on riparian slopes of the lower Yellow River (34 • River is one of China's major grain-producing areas. Here, population growth and the expansion of agricultural practices have resulted in the cultivation of most of the riparian vegetation, negatively impacting the maintenance and sustainability of the ecosystem services [30] . In particular, the soil and water conservation and non-point source pollution control functions of riparian vegetation have gradually degenerated or even disappeared. Although many studies have been conducted to analyze the structural and functional characteristics, as well as the ecological restoration and management, of the degenerated riparian zone of the Yellow River [30, 31] , we lack an understanding of how the unique features of riparian vegetation structure influence the complex mechanisms of soil and water conservation. Therefore, based on a runoff scouring experiment and landscape pattern analysis, this study aimed to analyze:
Materials and Methods
Study Site
The runoff scouring experiments were conducted on riparian slopes of the lower Yellow River (34°55′52.15′′ N, 114°1′21.51′′ E), Zhongmu County, Henan province, China (Figure 1) , from September to October 2015. Zhongmu County is the epitome of an agricultural landscape located on the south bank of the Yellow River, with a total area of 1406 km 2 . The climate of the experimental site is a typical warm temperate continental monsoon climate, characterized by mild windy springs (April-June), hot rainy summers (July-September), and cool dry autumns and winters (October-March) [30] . The mean annual temperature is 14.2 • C, and the maximum and minimum monthly temperatures occur in July and January, respectively. Rainfall is strongly seasonal and mostly occurs in summer and autumn, with considerable annual variation and uneven spatial distribution. Annual precipitation is 616 mm. In recent years, the number of rainy days has decreased, heavy rain fall has increased, and drought and flood disasters have become more common [31] . Soils in the study area are dominated by fluvo-aquic and yellow cinnamon soils, which contain much sub-sand and silt-sand due to historical floods of the Yellow River. In addition to floods, climatic characteristics, soil and water sources, and especially the frequent human interventions such as agricultural planting and tourism development, have led to serious damage to the vegetation in the riparian zone and degradation of soil and water quality. The dominant plant species in the study area include willow (Salix babylonica L.), aspen (Populus L.), and grass (Setaria viridis (L.) Beauv.) [30, 31] . The main agricultural crops are wheat (Triticum aestivum L.) and maize (Zea mays L.).
Experimental Design
The runoff scouring experiments were conducted with a self-designed runoff scouring system which is composed of a water supply subsystem, a steel catchment subsystem, and a runoff and sediment collection subsystem (Figure 2a ). The water supply subsystem is mainly composed of a water storage tank, a constant head scouring setup, water pipes, a water pump, and a water valve. The water storage tank is filled with water which is continuously supplied by a high-pressure automatic water supply tower to ensure consistent hydraulic pressure throughout the experiment. The constant head scouring setup placed at the top of the steel flume is to maintain a uniform water flow into the steel catchment subsystem. The steel catchment subsystem is placed on the riparian slope with the steel flume on the outside of the experimental plot (size = 1 m × 3 m) to separate the plots from the surrounding environment so as to limit and catch the runoff and sediments scoured from upslope. The runoff and sediment collection subsystem is mainly composed of a plastic container (20 L) placed at the foot of the steel catchment subsystem, which is used to collect the runoff and sediments scoured from upslope at the outlet of the steel catchment subsystem. The climate of the experimental site is a typical warm temperate continental monsoon climate, characterized by mild windy springs (April-June), hot rainy summers (July-September), and cool dry autumns and winters (October-March) [30] . The mean annual temperature is 14.2 °C, and the maximum and minimum monthly temperatures occur in July and January, respectively. Rainfall is strongly seasonal and mostly occurs in summer and autumn, with considerable annual variation and uneven spatial distribution. Annual precipitation is 616 mm. In recent years, the number of rainy days has decreased, heavy rain fall has increased, and drought and flood disasters have become more common [31] . Soils in the study area are dominated by fluvo-aquic and yellow cinnamon soils, which contain much sub-sand and silt-sand due to historical floods of the Yellow River. In addition to floods, climatic characteristics, soil and water sources, and especially the frequent human interventions such as agricultural planting and tourism development, have led to serious damage to the vegetation in the riparian zone and degradation of soil and water quality. The dominant plant species in the study area include willow (Salix babylonica L.), aspen (Populus L.), and grass (Setaria viridis (L.) Beauv.) [30, 31] . The main agricultural crops are wheat (Triticum aestivum L.) and maize (Zea mays L.).
The runoff scouring experiments were conducted with a self-designed runoff scouring system which is composed of a water supply subsystem, a steel catchment subsystem, and a runoff and sediment collection subsystem (Figure 2a) . The water supply subsystem is mainly composed of a water storage tank, a constant head scouring setup, water pipes, a water pump, and a water valve. The water storage tank is filled with water which is continuously supplied by a high-pressure automatic water supply tower to ensure consistent hydraulic pressure throughout the experiment. The constant head scouring setup placed at the top of the steel flume is to maintain a uniform water flow into the steel catchment subsystem. The steel catchment subsystem is placed on the riparian slope with the steel flume on the outside of the experimental plot (size = 1 m × 3 m) to separate the plots from the surrounding environment so as to limit and catch the runoff and sediments scoured from upslope. The runoff and sediment collection subsystem is mainly composed of a plastic container (20 L) placed at the foot of the steel catchment subsystem, which is used to collect the runoff and sediments scoured from upslope at the outlet of the steel catchment subsystem. On the basis of existing research results, riparian topography, vegetation condition, and the discharge per unit width produced by the heavy rain in the study area [27] , we used flow rates of 9 L/min and 15 L/min, corresponding to moderate (18 mm/h) and heavy rainfall (30 mm/h) in the study area, to conduct the runoff scouring experiments on four natural riparian slopes with minimal human disturbances at four slope gradients (5 • , 10 • , 15 • , and 20 • ) and two vegetation cover levels (15% and 30%). Thus, a total of 16 treatments were conducted; each treatment lasted 30 min and was repeated twice. Meanwhile, the soil properties and vegetation types were similar among the four slopes (Table 1) . 
Data Measurements and Parameter Calculation
Prior to each runoff scouring experiment, vegetation in the experimental plot was randomly trimmed and was then photographed with a digital camera (Canon SX60 HS) at a height of 2 m perpendicular to the plot. Vegetation cover was then extracted using the Photoshop CS4 software, until the error was less than 0.5% in comparison with the pre-set vegetation cover (Figure 2c ). After this, vegetation data observed from the camera was converted to raster data with a pixel size of 8 cm and imported into the FRAGSTATS software program (version 4, University of Massachusetts, Amherst, MA, USA) to calculate the landscape pattern metrics. We computed patch density (PD), perimeter-area fractal dimension (FRAC-MN), perimeter-area ratio distribution (PARA-MN), connectance index (CONNECT), effective mesh size (MESH), splitting index (SPLIT), and aggregation index (AI), at both the landscape level (full-plot with vegetation patches and bare soil patches) and the class level (vegetation patches only). The mathematical expressions and ecological meanings of these metrics representing different landscape aspects are listed in Appendix C of the FRAGSTATS software manual [32] .
Prior to each runoff scouring experiment, a sprinkle water process was applied to the experimental plot, in order to reduce heterogeneity of the initial soil moisture between different experimental plots and to ensure the initial conditions were consistent. The volume of the sprinkling water depended on the degree of saturation of the soil surface, which should be fully saturated but with no runoff generated. The flow rate was repeatedly calibrated before the runoff scouring experiments until it was close to the pre-set value with an error less than 2%.
During each runoff scouring experiment, the time of runoff initiation and duration of runoff recession were recorded, and runoff and sediment samples were collected in a marked plastic container at 1 min (0-5 min) and then at 5 min (5-30 min) intervals for a total of 10 samples. The slope flow velocity was measured by the KMnO 4 coloration method [8] [9] [10] and measured at the same time intervals. The average surface flow velocity was multiplied by a correction factor of 0.67 used for calculating the hydraulic characteristics of upslope runoff [8] [9] [10] .
After completion of the runoff scouring experiment, the total runoff volume of each interval was recorded using the weighing method, and then the total amount of sediment was weighed, separated, and dried at 105 • C in an oven for at least 24 h until a constant sediment weight was reached. The runoff coefficient was defined as the ratio of runoff volume to the amount of water release over the same interval.
In this study, hydraulic characteristics, including the runoff coefficient (the ratio of observed total runoff volume to total inflow volume), Froude number (Fr), Reynolds number (Re), Manning roughness coefficient (n), Darcy-Weisbach friction coefficient (f ), and flow shear stress (τ) were calculated to indicate the regime, resistance, and stress of overland flow [33] . Fr is the ratio of inertia to gravitational forces, where Fr < 1 indicates the occurrence of subcritical flow, while Fr > 1 indicates the occurrence of supercritical flow. Re is the ratio of inertia to viscous forces; we chose Re = 500 as the critical value of laminar/turbulent flow. Fr and Re are both used to indicate flow regime and are calculated as follows:
where U is average surface flow velocity (m s −1 ), v is kinematic viscosity (m 2 s −1 ), g is acceleration of gravity (m s −2 ), and h is flow depth (m) calculated as:
where q is the discharge (m 2 s −1 ) per unit width, Q is the observed total runoff volume (m 3 ) during time t (s), and B is width of the water-crossing section (m). The Darcy-Weisbach friction coefficient (f) and Manning roughness coefficient (n) reflect the resistance of overland flow, which were calculated from Equations (4) and (5), respectively:
where J is the flow energy gradient (m m −1 ) calculated as the sine value of slope gradient, and then U, h, and g are as defined above (Equation (1)). Flow shear stress (τ, N m −2 ) characterizes the force generated by slope runoff along the direction of slope, which reflects the magnitude of force required to disperse soil particles and is calculated from Equation (6):
where γ (N m −3 ) is the gravity of water, R is the hydraulic radius, which was considered equal to the flow depth (h) under the overland flow condition, and then Q, J, U, and Bt are as defined above. In addition, the relationship between riparian vegetation pattern indices and the hydraulic characteristics of the upslope runoff was determined by Pearson's correlation analysis using the SPSS 17.0 software package (SPSS, Chicago, IL, USA).
Results
Runoff Coefficient on Different Riparian Slopes
The runoff coefficient ranged from 0.33 to 0.90 during the experiment (Figure 3) . The largest runoff coefficient of 0.90 was observed on the 5 • slope with a flow rate of 9 L/min and 15% vegetation cover, which could be related to the soil crust caused by the initial rainfall. More likely, the distribution of vegetation patch of this treatment, which showed aggregated pattern in the center of the experimental plot, may lead to the high runoff coefficient. This indicates that vegetation pattern may be a significant factor that influences runoff generation. Runoff decreased with increasing slope, given the same flow rate and vegetation cover. On the 10 • , 15 • , and 20 • slopes, the runoff coefficient was basically stable. The difference between different slopes under the same vegetation cover was small when the flow rate was 15 L/min. the runoff coefficient was basically stable. The difference between different slopes under the same vegetation cover was small when the flow rate was 15 L/min.
As expected, runoff coefficients under the 15 L/min flow rate were larger than under the 9 L/min flow rate. Moreover, the runoff coefficient was higher at 15% vegetation cover than at 30% vegetation cover in most treatments with shallow slopes (5° and 10°), indicating that increasing the vegetation cover can moderate the runoff generation. As expected, runoff coefficients under the 15 L/min flow rate were larger than under the 9 L/min flow rate. Moreover, the runoff coefficient was higher at 15% vegetation cover than at 30% vegetation cover in most treatments with shallow slopes (5 • and 10 • ), indicating that increasing the vegetation cover can moderate the runoff generation. 
Hydraulic Characteristics on Different Riparian Slopes
Flow Resistance
Vegetation patchiness effectively increases flow resistance. The Manning roughness coefficient (n) was generally higher at the higher vegetation cover and flow rate treatments but decreased with increasing slope gradient ( Figure 5 ). The range of n was 0.037-0.055 for the 15% vegetation cover and 0.021-0.038 for the 30% vegetation cover treatment, suggesting that vegetation is less effective at inhibiting overland flow on steeper slopes.
The Darcy-Weisbach friction coefficient (f) was similar to n ( Figure 5 ). Its range was from 0.633-1.102 at the 15% vegetation cover and 1.059-2.555 at the 30% vegetation cover treatment, so f 
The Darcy-Weisbach friction coefficient (f) was similar to n ( Figure 5 ). Its range was from 0.633-1.102 at the 15% vegetation cover and 1.059-2.555 at the 30% vegetation cover treatment, so f was higher with greater vegetation cover. Additionally, f decreased with an increasing slope gradient, but only on slopes with 30% vegetation cover where f was much higher at shallow slope gradients than on the 15% vegetation cover plots. The Darcy-Weisbach friction coefficient (f ) was similar to n ( Figure 5 ). Its range was from 0.633-1.102 at the 15% vegetation cover and 1.059-2.555 at the 30% vegetation cover treatment, so f was higher with greater vegetation cover. Additionally, f decreased with an increasing slope gradient, but only on slopes with 30% vegetation cover where f was much higher at shallow slope gradients than on the 15% vegetation cover plots.
Flow Shear Stress
Flow shear stress (τ) is the primary driving force that detaches and disperses soil particles from land surface. Flow shear stress ranged from 1.42-2.70 N m −2 on the 15% vegetation cover plots and 1.50-3.55 N m −2 on plots with 30% vegetation cover (Figure 6 ). In general, τ was higher on steeper slopes with more vegetation cover and a high flow rate.
Flow shear stress (τ) is the primary driving force that detaches and disperses soil particles from land surface. Flow shear stress ranged from 1.42-2.70 N m −2 on the 15% vegetation cover plots and 1.50-3.55 N m −2 on plots with 30% vegetation cover (Figure 6 ). In general, τ was higher on steeper slopes with more vegetation cover and a high flow rate. 
Relationship between Riparian Vegetation Pattern and Hydraulic Characteristics
Changes in the vegetation pattern indices for the same vegetation cover were notable, both at the landscape and class levels ( Table 2) . PD, CONNECT, and MESH varied obviously between different slopes with the same vegetation cover. This variation indicated that, in addition to vegetation cover and slope gradient, the distribution of vegetation might be a significant factor influencing the hydraulic characteristics of overland flow. Note: Vegetation cover = VC, slope gradient = SG, patch density = PD, perimeter-area fractal dimension = FRAC-MN, perimeter-area ratio distribution = PARA-MN, connectance index = CONNECT, effective mesh size = MESH, splitting index = SPLIT, and aggregation index = AI.
At the landscape level, both n and f were negatively related to PD, PARA-MN, MESH, and AI, and positively related to FRAC-MN, CONNECT, and SPLIT (Table 3) . Fr was positively related to PD and AI. These results indicated that greater fragmentation of the landscape is associated with Figure 6 . Variation in runoff shear stress under four slope gradients, two vegetation cover levels, and two flow rates for a runoff scouring experiment in the lower Yellow River, China. Flow shear stress under the 9 L/min flow rate (a) were less than under the 15 L/min flow rate (b).
At the landscape level, both n and f were negatively related to PD, PARA-MN, MESH, and AI, and positively related to FRAC-MN, CONNECT, and SPLIT (Table 3) . Fr was positively related to PD and AI. These results indicated that greater fragmentation of the landscape is associated with lower flow resistance of overland flow, increasing the velocity of overland flow, as well as the erosion of surface soil. Compared to the landscape level, at the class level vegetation indices (MESH, SPLIT, and AI) showed the opposite relationships with hydraulic characteristics (n and f ). n and f were negatively related to PD and SPLIT, but positively related to FRAC-MN, CONNECT, MESH, and AI. τ was negatively related to PARA-MN. Fr was negatively related to FRAC-MN and MESH, but positively related to PD and SPLIT. The larger mesh size and more fragmented vegetation was associated with the lower τ and slower runoff, indicating that dispersed vegetation patches can decrease the shear stress of overland flow and subcritical flow.
Discussion
Effects of Vegetation Cover and Slope Gradient on Runoff Hydraulic Characteristics
Surface runoff is the main driver of hydraulic erosion, but vegetation and topography can change the characteristics and erosion dynamics of surface runoff, and ultimately affect the detachment and transport of sediment [34, 35] . The hydrodynamics of surface runoff (i.e., erosion and sediment yield) in any topographic unit is mainly determined by slope gradient and length under any given rainfall or runoff scouring conditions. However, vegetation slows flow velocity, increasing infiltration and flow resistance, changing the flow regime from turbulent flow to laminar or subcritical flow. Vegetation cover interacted with slope gradient to moderate runoff generation on slight slopes, the effect of which decreased with increasing slope gradient.
This result is consistent with our previous experiment conducted on the riparian slope of the Beijiang River [36] , as well as other researchers' findings on the relationships between vegetation cover and runoff and sediment yield [15, 26, 37] , and between slope gradient and erosion and hydraulic characteristics [9, 16] , suggesting that the effect of vegetation in inhibiting runoff generation depends on the slope gradient [36] . This result also supports the viewpoint of Qin et al. [35] , who concluded that changes in the erosion dynamics of upslope runoff are determined by a combination of vegetation and topography and only by understanding the mechanism of their interacting effects on runoff and sediment characteristics can we provide theoretical support for high-efficiency soil and water conservation. Little research has been done in this area and it is urgently needed to understand the multiple factors influencing the slope soil erosion process [35] .
The flow regime of overland flow is closely related to the flow rate, vegetation cover, and slope gradient. In this study, overland flow on all slopes were laminar (all Re were < 500) [38] , but subject to some variation. As vegetation cover, slope gradient, and surface roughness decreased, Re became larger, thereby the flow became more turbulent. Conversely, the more uneven and steep the slope and the denser the vegetation, the flow became more laminar. Meanwhile, Fr decreased with greater vegetation cover and flow rate, and increased on steeper slopes. Fr was subcritical flow on the 5 • slope. This result agrees with Pan and Shangguan [39] , Li et al. [40] , and Zhang and Hu [17] , who all indicated that the flow regime of overland flow on sloped grass plots was laminar. In contrast, as slope gradient increased, the flow regime of overland flow shifted from laminar and subcritical flow to laminar and supercritical flow, suggesting that in our study slope gradient had a greater influence on flow regime than vegetation cover.
Vegetation and slope gradient both are important ground surface characteristics affecting the flow resistance of overland flow. Many previous studies have reported that vegetation can effectively increase flow resistance by increasing the energy that overland flow consumes in order to run through it, and thus reduce the energy available for separating and transporting soil particles [16, 37, 41] . Our result generally agrees with previous studies, apart from slope gradient. In our study, the flow resistance (f and n) of overland flow tended to decrease with increasing slope gradient, consistent with the runoff scouring experiments of Yang et al. [16] . These studies contrast with Pan and Shangguan [39] and Shen et al. [38] , who found that flow resistance was associated with an increase in slope gradient. Such differences may be attributable to many factors, including experimental methods, soil type and soil texture, vegetation type and distribution, and erosion type [8, 38] . Additionally, slope gradient exhibited a greater impact on flow resistance caused by vegetation cover. The difference in flow resistance between 15% and 30% vegetation cover decreased as slope gradient increased, indicating that steeper slopes harbor more energy for overland flow. Although the interaction between slope gradient and vegetation cover plays a dominant role in determining flow resistance, the inhibiting effect of vegetation will be constant once the slope attains a certain gradient [10, 39] .
Flow shear stress (τ) increased with increasing slope gradient, vegetation cover, and flow rate. The difference in τ between vegetation cover became larger with an increasing slope gradient. This result is consistent with Zhang et al. [42] , who examined slope erosion in the grasslands of Southern China with simulated rainfall. However, opposite results were obtained by Yang et al. [43] , who concluded that τ decreased with increasing vegetation cover because vegetation increases infiltration and decreases runoff depth. The change in runoff depth is important. When erosion changes from inter-rill erosion to rill erosion, runoff will continuously converge into the rills and incise the slope, which in combination with the inhibiting and intercepting effects of vegetation can ultimately result in an increase in runoff depth [44] . In our study, the experimental slopes were kept in their original state with little artificial damage, so the soil structure and cohesion were better than an artificial slope in the laboratory, maintaining inter-rill erosion patterns and potentially the reason that more vegetation cover can increase τ.
As mentioned above, in addition to vegetation cover and slope gradient, experimental methods, soil attributes (type and soil texture), vegetation type and distribution, and erosion type also influence the hydraulic characteristics of overland flow, and thus influence the detachment and transport processes of soil erosion [8, 38] . For instance, soil particle size of the experimental slopes is a significant factor influencing detachability of surface soil and resistance of overland flow due to the physical mass of coarse particles and cohesion of small particles [45] . Correspondingly, high-silt soils show a higher erodibility than high-clay and high-sand soils. In this study, the clay/silt contents varied among the experimental plots; however, the differences were insignificant. Its influence on the hydraulic characteristics of overland flow could be ignored as the tested plots were located at the same riparian slope with different slope gradient and vegetation cover. Moreover, slope gradient and vegetation cover are important factors in the mathematical modeling of the soil erosion processes [7, 26] , thus our results can provide new and consistent data for calibrating such models.
Relationship between Vegetation Pattern and Runoff Hydraulic Characteristics
The relationship between vegetation and soil erosion is important for soil and water conservation. Many studies have demonstrated that increasing vegetation cover is an effective measure to control soil erosion, but variation in the specific vegetation and its distribution can result in better or worse control of soil and water loss [31, [46] [47] [48] . Bare land with a mosaic of vegetation patches forms a source and sink pattern of soil and water loss [25, 34, 47, 49] . Under certain topographic conditions, the influence of vegetation on runoff and water erosion dynamics depends not only on total cover but also on the distribution. In this study, we analyzed the relationship between vegetation pattern and the hydraulic characteristics of the lower reaches of the Yellow River at the landscape and class levels. We observed that, at both levels, flow resistance (f and n) was negatively related to PD and positively related to FRAC-MN and CONNECT. However, relationships between flow resistance and AI, MESH, and SPLIT at the landscape level were the opposite of those at the class level. These results suggest that a fragmented landscape reduces flow resistance and increases soil erosion. Therefore, it is important to consider the influence of landscape patterns on soil erosion processes in particular, and examine the variation in ecological processes at several spatial scales in general [50] .
Previous studies indicated that the correlation between landscape indices and process variables is different at different levels [50] , with the correlation at the class level showing a stronger statistical relationship than that at the landscape level [51] . Although our results confirmed the difference between these different levels, we did not observe a stronger statistical relationship at the class level. In fact, we observed the opposite relationship between the landscape level and class level with respect to AI, MESH, and SPLIT. This result could be related to the fact that changes in landscape elements, especially the spatial distribution of vegetation patches, will inevitably lead to changes in eco-hydrological transfer processes across scales, leading to non-linear changes in soil erosion processes [19, 23] . For example, the AI, which reflects the degree of fragmentation of patches within a landscape, not only has a direct positive effect on the average patch area at the landscape level, but also has a negative effect on the fractal dimension at the class level [50] . Coincidentally, PD and MESH, which both indicate landscape fragmentation, were positively related to Fr at the landscape level but negatively at the class level. These results mean that the effects of landscape patterns on the processes of soil and water loss are the result of nesting and combining of patches at several different levels. Furthermore, the negative relationship between the AI and flow resistances of overland flow is consistent with Yang et al. [16] and Zhang et al. [1] , who found that aggregated vegetation patches showed the least flow resistance compared to uniformly and randomly distributed patches; erosion modulus were closely related to changes in the AI at the landscape level. The effect of vegetation patterns on soil erosion processes is therefore very complex. Only by correctly understanding the relationships between vegetation and soil erosion at different scales can we deepen our understanding of the mechanism of soil erosion [50, 52] .
Implications for Sustainable Management of Riparian Ecosystems
Over the past decade, considerable attention has been focused on the restoration of riparian vegetation to filter and retain sediment, remove nonpoint source pollution, and improve the biological integrity of the riparian ecosystems [2] . Numerous studies have provided evidence for the efficacy of riparian ecosystems with different vegetation type, cover, and buffer width in their soil and water conservation functions and non-point source pollution control functions [2, 27, 28, 36, 41, 53] . This increased understanding provides a solid basis for the sustainable management of riparian ecosystems [28] . However, we lack an understanding of how the spatial distribution of vegetation influences the complex mechanisms of the soil erosion process. This study aimed to overcome this issue by linking vegetation patterns to hydraulic characteristics of upslope runoff. Our results suggest that, in addition to terrain conditions, not only vegetation cover but also vegetation patterns contribute to hydraulic characteristics of upslope runoff. This indicates that establishing vegetation with a certain degree of cover within the riparian zone may not be sufficient for promoting soil and water conservation. In light of the evidence synthesized in this study, we recommend that soil and water conservation functions of riparian ecosystems could be enhanced by incorporating vegetation patterns, rather than relying on vegetation type or cover alone. This would be useful where a better understanding of soil and water conservation functions of riparian ecosystems is desired [54, 55] . Through watershed planning and restoring measures, an optimal pattern of riparian vegetation may be implemented as an effective tool for sustainable management of riparian ecosystems [56] .
Conclusions
Vegetation cover and slope gradient are the main factors affecting the soil and water conservation functions of riparian ecosystems and are critical parameters of empirical and process-based models for assessing riparian ecosystem services. However, their relationships with the soil erosion process vary considerably. This is especially true for the vegetation cover-soil loss relationship, in which vegetation cover alone is insufficient to explicitly address the effects of vegetation on soil loss. Vegetation patterns such as size, shape and spatial organization of patches may be responsible for the unexplained variation in the vegetation cover-soil loss relationship. In the present study, we examined the relationship between riparian vegetation pattern and the hydraulic characteristics of upslope runoff in the riparian zone of the lower Yellow River, China.
We confirmed the significant effects of vegetation cover and slope gradient on the hydraulic characteristics of upslope runoff. The runoff coefficient varied between different vegetation cover and slope gradient. However, it should be determined by a combination of vegetation cover and distribution and slope gradient. It can be enhanced by increasing the flow rate and moderated by increasing vegetation cover, in particular on shallow slopes. Flow resistance, which increased with vegetation cover and decreased with slope gradient, was high on shallow slopes with high vegetation cover. Flow shear stress increased with slope gradient, vegetation cover, and flow rate, and the difference in flow shear stress between vegetation cover became larger with an increasing slope gradient.
The hydraulic characteristics of upslope runoff, especially flow resistance, were significantly related to vegetation pattern. At both the landscape and class levels, flow resistance was negatively related to PD and positively related to FRAC-MN and CONNECT. AI, MESH, and SPLIT showed the opposite relationships with flow resistance at each level. Thus, a fragmented landscape may reduce flow resistance. The influencing mechanism on the soil erosion process therefore dependents on scale.
This study suggests that less fragmented vegetation not only effectively increases flow resistance of upslope runoff but also plays an important role in reducing flow shear stress. These results will contribute to improving the effectiveness of riparian vegetation in trapping sediment, and even in intercepting the pollutants carried by runoff flowing into the river. 
